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ABSTRACT 

Data on superallowed Fermi beta decay in nuclei are compiled and electromagnetic 
corrections discussed. Recommended values for the weak vector coupling constant and 
the leading element of the Cabibbo-Kobayashi-Maskawa mixing matrix are given. Com¬ 
ments on neutron decay and limits extracted on extensions to the Standard Model are 
made. 

1. Introduction 

The intensity of superallowed Fermi /^-transitions between 0’'',T = 1 nuclear 
states, as expressed through their ft values, is expected to be the same for all nuclei. 
This statement, based on the conserved vector current (CVC) hypothesis, follows from 
two considerations. First, in the allowed approximation of /3-decay theory, the Fermi 
operator being the isospin ladder operator, r+, leads to identically-valued matrix el¬ 
ements for all Fermi decays so long as isospin is an exact symmetry. Second, CVC 
ensures the weak vector coupling constant is not renormalized in a nuclear many-body 
medium; it remains a true constant. However, before these statements can be tested 
against experimental data, certain theoretical corrections have to be applied. For ex¬ 
ample, bremsstrahlung processes lead to radiative corrections, and the breakdown of 
analogue symmetry by the presence of charge-dependent forces between nucleons leads 
to Coulomb corrections in the nuclear matrix elements. 

The nine best-known transitions have reached sufficient experimental precision 
that the CVC hypothesis can be tested at the level of a few parts in 10^ and the three- 
generation Standard Model at the level of its quantum corrections. World data on Q- 
values, lifetimes and branching ratios were thoroughly surveyed0 in 1989 and updated 
again! this year. The principal new measurements are: some Q-value determinations by 
Barker et a/.,i an (n, 7 ) and (p, 7 ) Q-ralue difference measurement! , and some lifetime 
and branching-ratio measurementsjOQ at Chalk River. 

Once the CVC test is successfully passed, a value of the weak vector coupling 
constant for semi-leptonic decays is determined. A comparison with the same quantity 
for the purely leptonic /i-decay yields the up-down quark-mixing matrix element, Vud, 
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The CKM matrix is unitary, so 
the sum of the elements in the first row of the matrix should satisfy 

|Kd|'+|K.|'+|Kf,|' = l, (1) 
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if the Standard Model for three generations is correct. The accuracy with which this 
relation can be tested is dominated by the accuracy with which 14 d can be deter¬ 
mined, which in turn depends on the accuracy with which the radiative and Coulomb 
corrections can be evaluated. 

2. Radiative Corrections 

In the present application we are only interested in the difference in radiative 

corrections between nuclear /3-decay and /i-decay, as only these differences impact on 

the deduced value of To first order in the fine-structure constant, the uncorrected 
n 0 

/3-decay rate TJg is modihedu to 


+ [31ii(mw/mp) + g{E„^) + + 2C - 41n(mw/ma) + .4g]h 

( 2 ) 

where Em is the maximum electron energy in the /3-decay, and are the 

masses of the hh-boson, proton and Z-boson. We discuss tua shortly. The first two 
terms in the square brackets in Eq. (^, 31n(mw/mp) +g{Em), are the universal pho¬ 
tonic contributions arising from the weak vector current in the V — A theory. The func¬ 
tion g(E,Em) is dehned in Eq. (20b) of SirlinH and is here averaged over the electron 
spectrum. The next terms, \n{myf/mj^) + 2C, represent the asymptotic and nonasymp- 
totic photonic corrections induced by the weak axial-vector current, which we discuss 
shortly. The hfth term arises from Z-exchange graphs, while the sixth term is a small 
perturbative QCD correction estimated by Marciano and Sirlin0 to be Ag = —0.37. It 
is convenient to gather the leading logarithms together and recast Eq. as 


r^ = rj(i|l-h^ [41n(mz/mp) + g {Em) +ln{mp/m^) +2C + Ag]^. (3) 

The first term in the square brackets gives a universal correction to nuclear /3-decay of 
2 .1%, while the second term contributes a further 1% but varies slightly from nucleus 
to nucleus. The third and fourth terms have been estimated^ in 1986 to be 

CM 

— [ln(mp/mA) + 2C] = (0.12 ± 0.18)%, (4) 

27r 

and it is the error here that contributes the principal error in the evaluation of the 
radiative correction. The last term in Eq. (^ contributes —0.04% to the /3-decay rate 
and is negligible. 

Since the hrst correction term in Eq. (^) is the largest 0{a) correction, Marciano 
and Sirhn0 have approximated the effect of higher orders by summing all leading- 
logarithmic corrections of 0(a’^ In"^ mz), n = 1, 2 ■ ■ ■ via a renormalization-group anal¬ 
ysis. Such a resummation replaces Eq. (^ with 
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r« = r 


1 + — [ln(mp/mA_) + 2C\ H 


) + Ag\\ S{mp,mj), (5) 


where S{mp,mz) satisfies an appropriate renormalization-group equation and is eval¬ 
uated to be 1.0225. Further, a(/r) is a running QED coupling constant having a value 
at the proton mass of a“^(mp) = 133.93. Finally, there are higher-order radiative cor¬ 
rections of order Za‘^, ■ ■ ■ where Z is the atomic number of the daughter nucleus 

in nuclear /d-decay, which we will denote by 62 and ^ 3 , respectively. These terms yieldS 
a correction of order 0.5% to the /3-decay rate. 

A recent advance has been a closer look at the photonic corrections induced by 
the weak axial-vector current, the third and fourth terms in Eq. (^, and the numerical 
estimates given in Eq. (^). It is convenient to model these corrections by two graphs. 
In the first, the nucleon emits a p-meson, which in turn converts to an Ai-meson and 
a photon. The Ai-meson leads to a weak axial-vector transition producing an electron- 
neutrino pair, and the photon interacts with the electron. The graph has a closed-loop 
integration, comprising the electron, photon, Ai-meson and IF-boson lines, which is 
logarithmically divergent in the limit ttia ^ 0. The role of the Ai-meson is to provide a 
low-energy cut-off. Hence the factor ln{m^jv/mA) appears in Eq. (^. Originally Marciano 
and Sirlin suggested a conservative range 400 MeV < uia < 1600 MeV, which^ans 
mass scales from through the Ai resonance region. More recently, Sirlint3 has 
used a range vhaI^ < tua < 2 mA with the central value given by the Ai resonance 
mass, rriA = 1260 MeV, a reasonable procedure since the Ai resonance is now well 
establishedlii . We will adopt this latter suggestion for the leading logarithm in Eq. (Q). 

The second graph represents the sequential emission from a nucleon first of a 
VF-boson to produce an electron-neutrino pair and second a photon to be reabsorbed 
by the electron. This, together with the graph with the photon and IF-boson emitted 
in reversed order, are the Born graphs and their contribution is written as {a/7i)C in 
Eq. d^). If the nucleus is taken as a collection of non-interactine^nucleons and the graphs 
evaluated from a single nucleon, then a universal contributionllfi oi C = 3gA{^J-p + is 

obtained, where I is a loop integral, providing the axial-vector coupling constant and the 
nucleon isoscalar magnetic moment are taken at their free-nucleon values, = 1-26 
and (/ip -|- fin) = 0.88, respectively. The integral, I, depends on the choice of form 
factors introduced at the hadron vertices required to render the loop integration finite. 
Townei0 has studied this dependence and recommends a value C = 0.881 ± 0.030. 

An important advance was the observation of Jans and RascheS that the emission 
of the hF-boson and photon do not necessarily have to be from the same nucleon. Thus 
we write 


C — CBorn + CnS^ (6) 

where the departure of the value of C from the universal single-nucleon value of CBom = 
0.881 ±0.030 is attributed to both the nuclear-structure dependent two-nucleon graphs 
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and a quenching in the single-nucleon graphs due to the renormalization of the coupling 
constants and ( 4 ^+ Pn) in the nuclear medium. Two-nucleon graph calculations are 

to be found in refs.0’Ei and quenching results in ref.0 . With the exception of and 
the correction is generally small, {a/n'^NS being less than 0.09%. For the ensuing 
analysis, we adopt the values from TownertZl . 

It has been convenient in the past to separate the radiative correction into those 
terms that are nuclear-structure dependent, Sr, and those that are not, A^. We will 
continue with this separation, although it is cumbersome with the term 'g{Em) con¬ 
tained in the renormalization-group extrapolation. Thus we dehne 

r^ = rl{i + SR){i + Ai), (7) 

with 


1 + = 

cy 

1 + ^ [giEm) + (^2 + ^3 + “^Cns] , 

(8) 

1 + Ak = 

|l + 2 ^ [ln(mp/mA) -|- 2CBorn] + [fi'(-^m) + "^3]| 



xS'(mp,mz) |l - ^g{Era)'^ . 

(9) 


We persevere with this separation in Eq. (0) because only the nucleus-dependent ra¬ 
diative corrections are required for the testing of the CVC hypothesis through the 
constancy of the ft values. The values of Sr adopted for this test are recorded in Table 
1. For the nucleus-independent correction, we obtain 

= (2.40 ± 0.08)%, (10) 

where the error reflects the range adopted for for the low-energy cut-off. 

3. Coulomb Corrections 

Both Coulomb and charge-dependent nuclear forces destroy isospin symmetry 
and reduce the value of the Fermi matrix element between analogue states from its 
simple value of (My)^ = 2 to a corrected value of 2(1 — Sc)- Two physical phenom¬ 
ena can contribute to Sc- First, the degree of conhguration mixing in the shell-model 
wavefunctions varies from member to member within an isospin multiplet, leading to a 
correction Sjm- Second, protons are typically less bound than neutrons; thus the tail of 
the radial wavefunction for protons extends further than that for neutrons, so the ra¬ 
dial overlap of the parent and daughter nucleus is reduced from the normally assumed 
value of unity - a correction Srq- Generally, Srq is larger than Sim- 

There are two comprehensive sets of calculations of these corrections: by Towner, 
Hardy and HarveyEl’EiJi (THH), and by Ormand and Brown@iil . Their relative merits 
are discussed in ref.0 and will not be repeated here. Ormand and Brown have just 
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Table 1. /i-values, theoretical corrections 6 r and 5c, and the corrected ^t-values for the nine 
accurately-measured superallowed Fermi /3-transitions. 



ft 

<5i?(%) 

5c(%)“ 

Tt 

lOQ 

3040.1(51) 

1.30(4) 

0.16(3) 

3074.4(54) 

140 

3038.1(18) 

1.26(5) 

0.22(3) 

3069.7(26) 


3035.8(17) 

1.45(2) 

0.31(3) 

3070.0(21) 

34Q1 

3048.4(19) 

1.33(3) 

0.61(3) 

3070.1(24) 

38m 

3047.9(26) 

1.33(4) 

0.62(3) 

3069.4(31) 

42 Sc 

3045.1(14) 

1.47(5) 

0.41(3) 

3077.3(23) 

46v 

3044.6(18) 

1.40(6) 

0.41(3) 

3074.4(27) 

soMn 

3043.7(16) 

1.40(7) 

0.41(3) 

3073.8(27) 

54Co 

3045.8(11) 

1.39(7) 

0.52(3) 

3072.2(27) 


“Tabulated uncertainties represent “statistical” scatter only. 


released a revised calculation of 6 c, and we will adopt these values in what follows. A 
close examination indicates that the two sets exhibit very similar nucleus-to-nucleus 
variations: both predict the largest correction for smallest for How¬ 

ever, there is a systematic difference, with the THH values being larger than the OB 
values by 0.08% on the average. Accordingly, we adopt for 6 c of each transition the 
unweighted average of the two independent calculations for that transition and then 
analyze the scatter of all nine pairs of 6 c calculations about their respective averages 
to obtain a standard deviation of ±0.03% for the purposes of the CVC test. After 
the CVC test has been satished and data on the nine nuclear transitions are averaged 
together, a further “systematic” error of ±0.04% is incorporated to represent the sys¬ 
tematic difference between the two calculations. The 6 c corrections are listed in Table 
1 . 


Three recent developments can have a bearing on the 6 c calculations: 

(a) Wilkinsonii notes that the experimental transition rates, when corrected for ra¬ 
diative and Coulomb effects, still display a weak dependence on the atomic number, 
Z, of the daughter nucleus, which he attributes to some inadequacy in the Coulomb- 
correction calculation. His largely empirical approach to this is to remove the nucleus- 
to-nucleus fluctations evident in both the THH and OB calculations from the exper¬ 
imental ft values and then £t a smooth curve through the resultant values, which 
can be extrapolated back to Z = 0 to obtain a recommended value. It should be 
remembered, however, that this is a heuristic procedure, not based on an ab initio cal¬ 
culation. Initiallyil , it was thought that the inadequacy in the 6 c calculation might be 
an inadequate allowance for the effects of the spectator nucleons (the core nucleons in 
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shell-model approaches) in the radial overlaps, but recent analysei^ show such effects 
are negligible. 

(b) Barker^ has computed a full set of 6 c values in an i?-matrix formulation in which 
the conhguration space is divided into internal and external regions. This produces 
an obvious dependence on the choice of channel radius, a; smaller 6 c values arise 
with larger values of a. Since physically-motivated values of a increase with nuclear 
mass number as small 6 c values are obtained in heavier nuclei. In addition, the 
computations produce overall small values with 6 c < 0.2% in all cases and < 0.05% 
in the /p-shell nuclei ®°Mn and ^^Co. The results lead to corrected ft values that 
are not consistent with the CVC hypothesis. 

(^Cy) In a recent preprint, Sagawa, van Giai and SuzukiB compute the isospin mixing in 
the ground states of several odd-odd N = Z nuclei in the Hartree-Fock approximation 
taking into account forces that break charge symmetry and charge independence. It 
must be stressed that isospin mixing in ground states is not the same as analogue- 
symmetry breaking in Fermi beta decay: the latter depends on the difference in isospin 
mixing in adjacent nuclei. Sagawa et al. hnd considerable isospin mixing arising from 
the core nucleons, and obtain values as large as 1 % for ^'^Co, which they cite as a 
warning that considerable core effects may be important in 6 c calculations. 

4. The CVC test and the effective vector coupling constant 

The test of the conserved vector current (CVC) hypothesis is that the ft values 
for superallowed beta decay, when suitably corrected for electromagnetic effects as just 
discussed, should all be constant. We write 


ft{l ± 6r){ 1 — 6c) 

^ Tt = Kl{2G'l), 

( 11 ) 

K 

= 27rMn2h7(m^c^), 

(12) 

G'^ 

= G 71 ±A 7 , 

(13) 


where is the effective vector coupling constant. It includes the nucleus-independent 
radiative correction, A^, which is not relevant for the test of CVC. The status of the 
experimental data and the theoretical corrections 6 ^ and 6 c are summarised in Table 1. 
The weighted average of the tFt values (with statistical uncertainty only) is 3072.3 ±1.0 
s with a corresponding per degree of freedom of 1.20. A two-parameter £t to the 
function, 6 Ft = JFt(O) [1 + aiZ], gives only a marginal decrease in the jv to 1.00 
with the parameter oi = (0.7 ± 0.5) x 10“^. Statistically there is insufficient evidence 
for a residual Z-dependence. The CVC hypothesis is therefore verihed at the level of 
4 X 10“^. The nine 6 Ft values are displayed in Fig. ^ 

Having substantiated the consistency of the experimental 6 Ft values, we now turn 
to the extraction of the effective nuclear vector coupling constant, G(,, which is directly 
related by Eq. (^) to the average Tt value. It is important now, however, to include 
in the jFt-value uncertainty the effect of “systematic” as well as “statistical” uncer¬ 
tainties in the charge-correction calculation, as described in Sect.^ These “systematic” 
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Fig. 1. Tt values for the nine precision data and the best least squares one-parameter ht 


or mo del-dependent effects were estimated to be ±0.04%. Thus the average jFt value 
(with both “statistical” and “systematic” errors included) becomes 

= 3072.3 ± 2.0 s, (14) 

and so 

G'^/{hcf = (1.14959 ± 0.00038) x lO"® GeVl (15) 

The error bars in Eqs. (0 and ( P!5D are dominated by the theoretical uncertainties in 

5c. 

5. The value of Vud and the unitarity test 

The superallowed nuclear beta transitions are examples of semi-leptonic weak de¬ 
cays, which, when compared with the pure leptonic muon decay, yield an experimental 
value for Vud via the relationship 

= + ( 16 ) 

Here, is the nucleus-independent radiative correction given in Eq. (pT[) . Thus with 

G^/{hcf = (1.166387 ± 0.000021) x 10“® GeV^ (17) 

derived from muon decayll , we obtain 
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Vud = 0.9740 ± 0.0005. 


(18) 

The quoted uncertainty is dominated by uncertainties in the theoretical corrections, 
and Sc', experimental errors on the input data for the jFt-value contribute less than 
±0.0002 to the uncertainty in Eq. (]T^). 

Evidently, Vud is by far the largest of the three matrix elements needed for the 
unitarity test, Eq. (|l|), and its uncertainty is the most crucial. The value of Vus is taken 
to belli 14s = 0.2205 ± 0.0018, the average of two results, one from the analysis of Kez 
decays, the other from hyperon decays. Finally, 14b can be derived, with subs^ntial 
uncertainty, from the semi-leptonic decay of B mesons, but is sufficiently smallll3 , at 
0.0032 ± 0.0009, as to be negligible in the unitarity test. The result, 

114d I "± 114s I '± 114b I " = 0.9972 ± 0.0013, (19) 

indicates a violation of the unitarity condition for three generations by more than twice 
the estimated error. 

6. Neutron decay 

Because of the complexities involved in hnite nuclei, we briefly turn our attention 
to the study of neutron decay, where nuclear-structure corrections can be expected 
to be minimal and Sc is essentially zero. There have been impressive advances in the 
measurement of the neutron mean lifetime in the past six years; the average! of eleven 
measurements is = 887.0 ± 2.0 s. The problem for the extraction of the weak vector 
coupling constant and hence Vud in neutron decay is that the transition is a mix of 
vector and axial-vector components and a separate /d-asymmetry experiment is required 
to separate the two. There are three recent accurate /d-asymmetry experiments, not 
completely in accord; their weighted average! leads to A = G'^/Gy = —1.2599 ±0.0025. 
From these two data, the individual coupling constants can be deduced: 

G'Jihcf = -(1.4566 ± 0.0018) x lO"*^ GeV^ (20) 

G'y/{hcf = (1.1561 ± 0.0023) X 10"^ GeV^ [neutron]. (21) 

Note the neutron result for G'y is considerably less precise but, even so, it is in serious 
disagreement with nuclear decays, Eq. ( 0 )- 

With the use of the nucleus-independent radiative correction, of Eq. (|^), the 
neutron result for the vector coupling constant can be used to test the unitarity of the 
GKM matrix, yielding 


Vui I "+ 1 14. 1 U I V4i I " = 1.0082 ± 0.0040, 


( 22 ) 


which differs from unitarity, but in the opposite sense to the result from nuclear (3 
decay. In the absence of any viable explanation within the Standard Model for the 


discrepancy between the nentron and nnclear resnlts, nor any reason to prefer one over 
the other, we can do no better than take the weighted average of both resnlts for Gy, 
snitably inflating the resnltant nncertainty. This leads to 


Gy/(hc)^ = (1.1498 ± 0.0010) X 10 ^ GeV ^ [average], 

iKdl = 0.9741 ±0.0010 [average], (23) 

and 

|14d|"±| 14« I"±| Kfel" = 0.9975 ±0.0020 [average], (24) 

which does not disagree signihcantly from nnitarity. 

7. Beyond the Standard Model 

The failnre of the experimental test to reprodnce the nnitarity resnlt can be nsed 
to set limits on extensions to the Standard Model. Two examples follow: 

(a) The existence of additional nentral gange bosons, beyond the nsnal 7 and Z of the 
Standard SU{2)l x U{1) Model wonld signal the presence of additional U{1) gronps 
and wonld lead to farther contribntions to the radiative correction A)[. This additional 
contribntion conld then be responsible for the failnre of the experimental test of nni¬ 
tarity. Marciano and Sirhn@ give a qnantitative estimate of this for the grand nnihed 
models of the type S'O(10) —> SU{3)c x SU{2)l x U{1) x U{1)^. Writing 


\Vud\^+\Vus\^+\Vub\^ = l-A, 

then for the grand nnihed model, 50(10), Marciano and Sirlinil obtain 


(25) 


A = 


3a In a: 
27r cos^ 6*w X — 1 ’ 


(26) 


where x = sin^ 6 *w = 0.23 and a is the hne-structure constant. Thus, on the 

one hand, with A positive from Eq. (0)> the correction has the wrong sign to provide 
a limit on the boson mass, while, on the other hand, the neutron data in Eq. (Ep) 
gives limits of 30 < < 85 GeV, which are unacceptable, since experimentsa’cj 

searching for departures from the Standard Model in neutrino-electron scattering or 
searching directly in pp colliders have concluded that mz^ > 320 GeV. 

(b) Another example is an extension of the Standard Model into a left-right symmetric 
form, SU{2)i x SU{2)ji x f/(l), where the IV-boson associated with the group SU{2)ji, 
{Wr)i is deemed to be much heavier than the traditional IV-boson associated with 
SU{2)l, (IVl), such that right-hand couplings in weak interactions are suppressed. 
The mass eigenstates for the two bosons will not necessarily coincide with the weak- 
interaction eigenstates, but will be a linear combination of them. 
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Wl cos C — Wr sin C, 
Wl sin C + Wr cos C, 


(27) 


Wl = 

W2 = 

where ( is known as the left-right mixing angle. The presence of right-hand currents will 
lead to a correction to the value of V^d determined from /d-decay under the assumption 
of left-hand currents only. If we assume that the failure of the unitarity test in Eq. (|T^) 
is entirely due to the presence of right-hand currents, then the value for the mixing 
angle, (, is obtained from the expression 


A = 2C. (28) 

The result from superallowed beta decay for the mixing angle is C = 0.0014 ± 0.0006, 
which is small but non-zero. This is a much tighter limit than can be obtained^ from 
other nuclear physics experiments. 

8. Conclusions 


In summary, we note that: 

faj The average jFt value of Eq. ([l^) for nine precision data with a per degree of 
freedom of 1.20 provides strong conhrmation of the CVC hypothesis to four parts in 
lOh 

fbj There is a serious discrepancy between G'^ determined from superallowed beta 
decay and from neutron decay, which has yet to be resolved. 

fcj The signihcance of the failure of the unitarity test, Eq. (pT]), is not yet settled. It 
may, of course, indicate the need for some extension to the three-generation Standard 
Model. However, it may also reflect some undiagnosed inadequacy in the evaluation of 
Vus (as already suggested for other reasons in rehU) or possibly in the 6 c corrections 
used to determine Vud- There is little scope left in the data in Fig.|^ for introducing 
signihcant additional Z-dependence in 6 c, as has been suggested recently!! . 
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